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ABSTRACT

The development of mono-disperse crystalline particles in cosliglass doped with &rafter a two
step heat treatment is elucidated by a combination of time-resSI&XS/WAXS experiments andwith
electron microscopy. The effects of bulk and surface crystatlizaan clearly be distinguished and the
crystallization kinetics of the bulk phase is characterized. Tihernal pressure due to structural

differences between the crystalline and amorphous phase is mebsurig® physical cause of this


mailto:Wim.Bras@esrf.fr

pressure can not unambiguously be attributed. The combined measuremenmtisec@amearly full

characterization of the crystallization processes and the resulting saonpleology.
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I ntroduction

Glass ceramics consist of a glassy matrix in which diystanano-crystals are embedded. By
tailoring the crystalline compound, both in composition as well avapes and size, mechanical and
optical properties can be influenced. Glass ceramics can becdreata variety of techniques, for
example: sol-gel methods, sintering or simple heat treathmeintsmost glassy materials surface
nucleation and crystallization is the dominant process. In order &kecee material in which bulk
crystallization becomes a factor which influences the finalerat properties one can use the
conventional manufacturing method in which the native glass is dopedhwitystallization enhancer
and then subject the samples to a two step heat tredtrhefhis method has empirically been
developed by manufacturers but the exact mechanism of the crgdiati kinetics is still not
completely understodd?. It is well established that this is a method by which relgtim®nodisperse
crystalline particles in an amorphous matrix can be manufaéfurdthe amount of dopant will
influence the final crystallinity degree. Depending on the typdasisgnany applications for this kind of
composite material can be found in not only the optics industry but mlseramic heaters, semi-
conductor packaging material, catalyst carriers etc. Bulk atliysttion can also be induced by bulk

inhomogeneities like inclusions, sintering zones or mechanical stress.



Although glass ceramic formation upon heat treatment describediaxperiment is widely used in
the ceramics industry the basic crystallization processestiiqeoorly understootd This should hardly
be surprising in view of the complicated ternary phase diagranh#dsabeen determined for a limited
number of isothermal crystallization temperatuteEhis is not only the case for cordierite but for many
other ceramic forming glasses as well.

Glass ceramic based upon a glass with the cordierite compositgpAl MisO,g, is interesting from
an engineering point of view since this materials tends to hawe thermal expansion coefficient and
excellent mechanical properties, like shock resistance, ever\atterl temperatures. This makes it

suitable for a variety of applications.

In previous work we have described the crystallization process of a glass théthcordierite
composition that was doped with 0.34 mol%@zx Chromium is a well known crystallization enhancer.
The glass was subjected to a two step heat treatment in Wl@ctainples were first kept at a lower
nucleation (or soak) temperature at which Cr is mobile in the glaisthe main glass forming network
is below the glass transition temperature. With Extended X-Rep#stion Spectroscopy (EXAFS) it
was established that the clustering of the Cr particlesesreaystallization nucleation sites which are
not able to develop yet into crystallites. By subsequently raifiagemperature to a higher level the
crystallization can commence. In this way heterogeneous nucleatsoimdveced and the crystallites that
form in the glassy matrix are rather monodisperse with armani radius of approximately 200 A
which is probably in general dependent on the amount of Cr in the rhatdraugh this has, so far, not

been fully investigated.

In the final material the amorphous glassy phase was still predotrand only around 4% of the
material had crystallised in two distinct phases, namely stuftartz (i-cordierite) and spinel. There
were clear indications that the spinel phase occurred beforeuffedstuartz phase. Therefore these

spinel crystallites could act as bulk inhomogenieties which couldebeticleus for the crystallisation of



the stuffed quartz. An alternative mechanism is imaginable inhwthi two processes are independent

and one is bulk nucleation whilst the other starts with surface nucleation.

It is known that undoped cordierite glass hardly has any tendency td{dkmucleated crystals after
heat treatmefitbut that surface nucleation and crystallization are the predoneffants. In this case,
up to around 1300°C, the phase that is formed is the stuffed quartz, mataledy named ‘high quartz

or p-cordierite” *°

In the case that the sample is doped with a crystallisation esthdoc example: Ti, Fe or Cr, a
different situation occurs. In this case bulk crystallisation besopossible. The phase diagram of glass
with the cordierite composition is rather complex and thereforeamenot exclude the possibility that a
local change in the composition, due to a crystallization event, alosexond phase to be templated
upon the original particle. Investigations into the crystallisatidocitees of y-cordierite on impurities
in the bulk of the glass compared with surface crystallisatiogesighis to be feasibfe This could

result in composite crystalline particles embedded in a glassy matrix.

In this work we try to shed light on the processes that occur diméengrystallization of this particular
glass ceramic and on the crystallization kinetics. In partioutahave focused on the question if the

occurrence of the two crystalline phases is correlated and on the morphology of tied.mate
Materials and M ethods

Time-resolved simultaneous Small and Wide Angle X-ray ScaffisAXS/WAXS) experiments

were carried out on the DUBBLE CRG beam line BM26B at the Euro@sachrotron Radiation

Source in Grenobfé The scattering vecton :%sin(e /2), with 4 the X-ray wavelength used ad



the scattering angle, of the SAXS data was calibrated usiing i@t tail tendon scattering pattern. The
WAXS data was calibrated using a Si powder standard. The tamenig of the data acquisition system
was set to 30 seconds/frame. SAXS data were collected witlitiavire Gabriel type gas detectdand

WAXS data were collected with a microstrip gas detéttor

High resolution powder diffraction (HRPD) data were collected, ugiegoowder diffractometer of
the Swiss-Norwegian CRG beam line BMO1 at the ESRF, in ordecctarately characterize the
different crystalline phases.. Small angle neutron scatteriAdl$p experiments were performed on
beam line D22 of the Institute Laue-Langevin in Grenoble. For both thgssiments it should be
noted that the samples were at room temperature and thus that theelumparameters from the
distinguishable crystalline phases most likely are somewhallesnthan those determined in the

experiments at high temperature due to thermally expansion.

For the time-resolved SAXS/WAXS experiments the sample wae@lin a furnace of which the
temperature can be controlled with an accuracyf°C with a maximum estimated temperature

gradient over the sample of the same magnttude

The sample preparation method is extensively described in eaditf. After the material was
molten and homogenized it was rapidly quenched to room temperature incoedeid crystallization.
The cooled boules were cut into @b thick platelets and slightly polished in order to erase angdrac

of the sawing process which could artificially increase surface cryatadh nucleation.

The samples were subjected to a two step heat treatmentr§thgdge, at 850° C, was a prolonged
heat treatment at a temperature were a maximum number sthltpation nucleation sites were
formed. X-ray scattering show that no crystallization or other lagme structures are being formed

during this stage. After this initial heat treatment the teatpes was raised to 925° C or higher so that



the crystallization nuclei could start to grow. This procedure essghat we have a well defined initial

state which is heterogeneously pre-nucleated regarding crystallization.

Cross-sectional TEM samples were prepared by tripod polishing iy LN2 cooled low angle ion
milling. Bright and dark field images and SAD (selected ar#eadiion) patterns were taken at 200kV
in JEOL 200CX. Energy filtered TEM (FETEM) imaging was parfed at 200kV in Philips CM200-

FEG TEM equipped with a Gatan Imaging Filter system.

Results

Characterization of the heat treated samples

Although the main aim of our work was to study the time-resolvedatiiyation process by means of
X-ray scattering we have also performed electron microscopy, posvflerction and Small Angle
Neutron Scattering (SANS) on some of the samples that we hadefas¢he X-ray scattering
experiments. These results will be discussed here first isisiceplifies the subsequent interpretation of

the X-ray scattering results.

The reference material that had not been heat treated, or onlgtedhje the first heat treatment at
850° C, was found to be a homogeneous glass, without any trace of ioijgtddoth by powder

diffraction as well as by TEM.

For SEM experiments the surface of a freshly broken platelgtoutiany further sample preparation,

was studied. See figure 1.



Figure 1 SEM micrographs of a cross section of the sample gitatat different magnifications
(respectively from left to right 526, 2540, 149000 times). At the lowsstirtermediate magnification
of the whole sample and the side it is clear that the struatuhe edge of the sample differs from that
of the bulk. At the highest magnification we can distinguish in the diulke sample the Cr containing

spinel nano crystals.

In these SEM micrographs we see that there is a surfasedagracterised by conchoidal fractures
which is clearly a different structure compared to the bulk. Upohdurhagnification white dots in the
bulk become visible. However, in this case further magnifications priowedssible and the positive
identification of the Cr-spinel particles could not be confirmed dusdédaechnical limitations of the

technique.

A further investigation on the morphology of the samples was performitbd TEM at higher

magnifications achievable compared to the SEM. See figure 2.



Figure 2

Panel A shows the TEM micrographs of a piece of the bulk of the saiip black size bar in the right
hand corner is 2000 A long. In these the spinel crystallites aogmizable. In panel B the interface
between the surface layer and the bulk of the material is shoavioaer magnification. The striations
are due to the sample preparation technique. There is a cleactastiin morphology between the

crystalline surface layer and the amorphous matrix.

The TEM graphs show that the bulk of the material is made upadivedyy mono-disperse crystallites
embedded in a glassy matrix. Some of the crystallites appear tdilsaldut more irregular shapes also
can be distinguished. Attempts to perform electron diffraction osrtredl spinel crystallites were not
obtained from single particles due to their pronounced rotation in tbeogidbeam. Diffraction data
was obtained for some anomalous large spinel crystals in regluere whe sample deviated from the
normal composition. See figure 3. Energy filter imaging and nanoproledidinental analysis indeed
confirmed the presence of Cr in the spinel crystallites and aned®f Cr in the glassy bulk and the

surface layer. It was not possible to obtain electron diffraction from the slafere



Figure 3

Anomalous large spinel crystal. The particle diagonal is about 150Diffkaction on all parts of
crystallite give the same orientation and confirm a near sptnatture with a unit cell of about 8 A.

The lighter parts are amorphous which gives the impression that it is a kind of deynduitil.

For a more accurate determination of the crystalline componerftaweeperformed High Resolution
Powder Diffraction (HRPD) on the cooled glass platelets. Thgserienents confirmed that still a large
amount of material consisted of glass. Besides this glassweebean able to determine that there were
two crystalline phases present. In the first place a cubic M@ ACr-spinel with a lattice constant of
8.06 Aat ambient temperature. This is somewhat smaller then eddecteulk materials but for small
crystallites it is known that the lattice constants can defiiate those found in bulk speciméf&® A
second phase that was found is a hexagonal stuffed quartz with tattistants of = b = 5.13 A and
¢ = 5.37 A(B-quartz structure with space group P6222) in which, in this case, amalints of Mg
are stuffed into the structural channels between the tetraheticaish@he latter is also known under

the name ofi-cordierité” *°

X-ray scattering experiments
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In figure 1 we show the time development of the SAXS intensifyration of time obtained during

the second step isothermal heat treatment at 925°C.
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Figure 4
Left panel

Time-resolved SAXS data obtained during the isothermal crgstadin of glass, at 925° C, with the
cordierite composition. Time resolution was set to 30 sec/frame. Therdatitied as 1(q,t) vs. g and t.

The initial intensity is attributed to structure factor scattéfing
Right panel

Averaged data from 10 frames obtained during the final stagegstéltisation. The data is plotted as
I(q)q’vs g. The peak around q = 0.01* &an be attributed to be structure factor scattering. The other
maxima fall within the error margin on a curve that represéet$orm factor scatt&t from a uniform

spherical scatterer.

At the initial stage during the pre-heating or soak stage, notwsteucan be observed. However,
several minutes after the sample has reached the higher eguilitmmperature the SAXS intensity
starts to increase profoundly. A shallow peak appears aj.ltmtime this moves only slightly to lower

g values. However, several other peaks can be distinguished which alimioue towards loweg. At

11



later stages we can actually distinguish five discretdesoad maxima which is only limited by the

finite size of the detectbt

The intensity in the SAXS regime is giverfby

I(@)=S(9| K af [1]

In which S(q) is the structure factor scatter due to the existence ofabgatirelations among the
scattering entities in the amorphous matFi¢q) is the form factor which depends on the shape and size
of the scattering entitiés The striking observation here is that there are many form facaitering
fringes visible even though the TEM micrographs indicated that thex® no complete shape

homogeneity. This indicates that the scattering entities are rather monselispgize.

The first peak in the scattering pattern emerges before the mthks and, in contrast to the later
occurring intensity maxima, remains approximately in the samégosThe fact that this only moves
slightly towards loweq in time combined with the knowledge that the particles are ratbapdisperse
in size indicates that we are dealing with a system in wthighncrease in size of the particles is due to
a growth process and not to an agglomeration of individual particles.igtn agreement with the

assumption that only during the pre-heat treatment crystallisation nucle&®haie been created.

The structure factor peak maximum is at later stages dordibgtthe intensity due to the form factor
but estimated to stabilize at a scattering vector value ofi(dx+10°> A™. This value agrees reasonably
well with the average distance between scattering pariiddésh can be assessed from the TEM data.
See figure la. This with the understanding that there is onlyitediraccuracy in the TEM data in this
respect since we see a three dimensional structure projected pporeaWhen we combine the thus
derived patrticle interdistance with the information on the finalusadif the particle we can asses that

the final volume fraction of particles giving rise to form facdoattering is approximately 1 %. Given

12



the indirectness of this method it is in reasonable agreeméneaiiier experiments and simulatidhs
22 After cooling down SANS measurements only showed the structtor feeak and no form factor

fringes. This is in agreement with earlier SANS experinfénts

Our data fits, within the error margins, the form factor scatter of sphecaters with a smooth and

sharp surfac®

(singR— gRcosqR

(aR)’

Using this expression we can approximate the parsize evolution in time. We remark here that for

F)=">

[2]

this procedure the limited active length of theegdtdr prevents more than one fringe to be obsesvabl
for the smaller particles, and that for larger igls, where the minima in the curves are muchet|os
the limited spatial resolution of the detector tgrthe accuracy. Also we have shown in earlier viloat
the interface between the scattering entities aednmatrix is not completely sharp but that thera is
small diffusion zone around the particles whicldépleted from Cr. These facts, in combination with
the limited counting statistics intrinsic to thigé of time-resolved data, also allow us to matah t

time-resolved data to cuboidal form factors.

Numerical simulations show that scattering curvesifan assembly of slightly polydisperse spheres
are nearly indistinguishable from those of more atisperse cuboids. For the time-resolved data we
found that it was not possible to find a satisfymgthod to study the polydispersity. In order ttl st
obtain an estimate of the total polydispersity,derfar as this is possible for scattering entitvélout
complete shape homogeneity, we averaged 10 datee$ obtained when the particle size had stopped
increasing and performed an analysis using conweaitimethodS. Unfortunately this rendered results
in which the error margin was larger than the mestsyarameter. Therefore we have resorted to a
method that can be used for rather monodisperserisphparticles. Here the scattering fringes &tk s

discernible but decay at a rate faster than fooraptetely monodisperse syst€mwWe find that the

13



polydispersity is aroundR/ R=0.03+ 0.0: if we assume that the particles are sphericalhave sharp
interfaces with respect to the surrounding matfpr. any other morphology, where the scatteringy&in
decay is more rapid than for spherical particless indicates that the size distribution range el

even narrower.

In the simultaneously performed WAXS experimentscar observe the growth of the two crystalline
phases. See figure 5. The resolution of the paositiensitive detector used in these time-resolved
experiments is not high enough to be able to deterrthe phases, unit cell parameters or the exact
composition accurately. For this we rely on the IBR&xperiments discussed above. However, the
changes in lattice spacing and diffraction inteesituring the growth process can be followed on a

time scale that is not possible with a conventiaifftactometer set-up.

time (s)

N
5x10

10x10°

Figure 5.

Diffraction pattern development during the isothafrreatment at 925° C. Two different crystalline
phases develop. The peaks that can be attributdbetspinel phase are indicated by arrows. The

remaining peaks are all due to the stuffed qudnese. Diffraction peaks that can be indexed to the
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spinel phase all increase monotonically in time simolw a shift to lower angle, indicating an incesas

the unit cell size. The development of the stufjadrtz peaks is more complex.

The time-resolved experiments do reveal that ttteedaconstants for both crystalline phases are not
fixed during the experiment but do change conshllgrauring the isothermal heat treatment and

particle growth regime.

The most sensitive parameter to determine if anyctiral changes are occurring in a sample is in
general the total scattering intensity or invariatiich for a multiphase isotropically scatteringtsyn

can be writtef?:

QD Qqul(q)dq:qz¢l¢J I:IOei_pej:I2 [3]

i#]
In this C, ;are constantsj is the volume fraction of componeardnd g is the electron density of the

phases. In figure 6 we plot the development of ithariant and the integrated peak intensity for

representative WAXS peaks for the two differentggsa

peak intensities
(arbitrary units)
410"

73510

Invariant
(arbitrary units)

1000 [~

0 2000 4000 6000 8000 10000

time (s)

Figure 6

Time-development of SAXS intensity (bottom curve)-piotted with the integrated intensity of a
representative diffraction peak of the spinel ph@ep curve) and the integrated intensity of thetfi
guartz peak that appeared (middle curve). The ariadicate the intensity scales. The error batHer

integrated intensity is smaller than the symboé skor the crystalline peaks all data points haaenb
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plotted which gives an indication of the error margrhe sample was pre treated at a T=850° C and

then crystallized at T=1025° C. The irregulantyncrease is observed for all stuffed quartz peaks

It is clear that the increase in the invariant #mal spinel starts at the same time and that tHé&edtu
guartz begins to form at a later time. The irregularease in the intensity of the stuffed quadmfoems
that this is the crystalline phase that developshensurface. The irregularity is due to the depelent
of a surface texture which is continuously beingdified as growing crystallites with slightly diffent
orientations impinge upon each other. Dependinthersmall changes induced in the orientation of the

individual crystallites by this impingement diffetgpeaks can in- or decrease in intensity.

The fact that we observe several interference ésng the SAXS pattern allows us to calculate the
size of the particles with a higher degree of aacyithen when having to revert to the determinabion
the radius of gyration. This with the caveat thg $cattering entities are not completely homogaseo
in shape and that therefore the average dimensitbrb& in between those calculated assuming a
spherical form factor and a cuboidal form factorfigure 7 the development of the particle sizeds
plotted with the spinel axis size. At the initidhges the error margin in the size determinatidess
than 2%. This increases to about 5% when the pestinicrease in size due to the limited spatial

resolution of the detector.

1.210° T T T T 8.075

8.07

8.065

8.06

spinel axis (A)
8.055

8.05

8.045

8.04
0 2000 4000 6000 8000 10000

time(s)

Figure 7
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The correlation between th& of the particle versus time (square symbols). Féntical bars at time =
8000 sec indicate the error margins at the |lateyest of development. At the early stages a lineaan

be made to th&?data. This confirms the predictions that we ardidgavith a diffusion limited growth
process. The development of the spinel unit celime as function of time (diamond symbols). The

changeover from shrinking to growing coincides witle moment when the particle size leaves the

Jt growth regime. Also noteworthy is that this is thement when the noise is much reduced.

We note here that in the early stages the increagarticle size can be described by the relation
R(t) = CJt. In figure 7 we have also plotted the lengthha spinel unit cell axis. At low degrees of

crystallinity the exact position of the diffractiggeaks, and thus the size of the axis, is morecdiffto
determine then the total integrated peak intenglitich is plotted in figure 6. However, at the veayly
stages there is a tendency for the axis to shilihls process is reversed at the moment that tretatry
growth starts to slow down. After that we observinaar increase in unit cell length. Unfortunagely
due to the limited time available, the experimemse not continued for long enough to know what the
equilibrium size would be.

We have also found that the shape of the unitafethe stuffed quartz phase changes in time. The

development of the axis is plotted in figure 8.
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Figure 8

The time development of the unit cell parameterthefstuffed quartz, at-cordierite, unit cell during
isothermal crystallization. The error bar on thena c axis at the later stages of developmentughly

the size of the symbols. The error bar on the eglitvolume is given by the vertical bar.

It can be seen that in time there is a slow extenef the unit cell with the basal plane shrinkng

the long axis extending. The total unit cell volyewever, only varies less than a percent.
A conventional tool for the analysis of crystaltiba kinetics is the Avrami formalism or one of the
related analysis techniques. In this formalism ¢hange in crystalline volume fraction is related to

parameters like the dimensionality of the growtk #ime growth mechanism, i.e. diffusion or reaction

limited growth.

vV, =1-¢® [4]
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whereV, is the crystalline volume fractiok,a constant that depends on nucleation rate anctstal

relation time anah relates to the nature of the growth protess

The integrated peak intensity of a diffraction péws a linear relation with the crystalline volume

qz
fraction in a sampleV,(t) = Cj I(qg,t)dg. Therefore we can fit this intensity to the Avraeguation.
G

The parameten, relevant for the nature of the growth processydd from this fit im=1.49+ 0.0.. A
single determination of parameters like this isngrto systematic errors. However, a cross corogias
possible. We already have established that theelsparticles are monodisperse within a few perdent.
earlier work we have shown that the number of giagiN, is also fixed. Therefore the number of

particles multiplied by the cubed radius of thetiglr is also a measure of the crystalline volume
fraction: V_(t) ~ N(R(9)°. This data set rendersa=1.51+ 0.0%. Both fits, from simultaneous but

independent experiments, give an Avrami exponedtt hthin the error margin is identical. For a pre-
nucleated system with three dimensional growth thisie ofn indicates that the particle growth takes
place via a diffusion limited growth procé$sin diffusion limited processes the growth ratetiod
particles in the early stages should be proportitnthe square root of time >,

As can be seen in figure 7 this behavior is indgeskrved. Thus we have three analysis methods from

two independent experiments that confirm that thiees growth is a diffusion limited process.

From the SAXS data we can still derive some furth@armation about the growth process. Keeping
in mind that the pre-heat treatment created chizatibn nucleation sites that were only growth
activated upon raising the temperature and thahawe shown that we are dealing with a diffusion
limited growth process we can assume that the dpuwent of the particle radius will have the

following time and temperature dependence:

19



_2GD(M)t
P

R* [5]

in whichR is the radius of the spherical partictethe density of the particles in ‘concentrationtsini
Ci the initial Cr concentration in the starting glemsd D(T) the temperature dependent diffusion

constarf® 2°

Using equation 2 we can expreBfT) as a function of experimentally determined paranset

combined with sample preparation parameters. Tifigsdliity is temperature dependent according to:

N
D(T) = Doe 7 [6]

whereR is the gas constant a@ the activation energy.
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Figure 9

Arrhenius plot of the diffusivity versus inversergerature. The dashed line is a linear fit to tatad

Based upon this data the activation energy caretermined.

The activation energyQ,, is determined to be 5.0(3) ¥bJK* - this is 3.3 eV, which is a factor 2

lower than the value found with Thermal AnalysisddTi containing cordierit8 and in good agreement

20



with similar other systemisWe remark here that for the surface crystallaratprocess, which starts
later then the bulk spinel formation, an activatemergy for powdered samples was found by thermal
analysis techniques, that is approximately a fat@hnighet’. The actual value depended on the powder

particle size range.

In figure 8 we have also plotted the evolutionraf spinel unit cell axis as function of time. Thas a
somewhat puzzling behavior. After an initial deseean the unit cell size we observe an increaselwhi
is linear in time. These slight changes are of séarder importance with respect to the actual sfze
the individual crystallites during the growth prese These show a continuous increase due to the

continuation of the crystallization process atdbéer surfaces with respect to the glassy matrix.

The relative deformation of the unit cell indicatkat either a positive or negative pressure istede
on the crystallites. The magnitude of this presseitey the spinel spheres can be estimated wsi#ig)
order Birch-Murnaghan equation of stite

7 5 [7]
_ V0,1050 é V0,1050 A
P — 1.5' KO,lOSO - - —

\% \%

with Ko 1050 representing the isothermal bulk-modulus at 1@509, 1050the zero-pressure volume at
1050°C. We assumed values fag1bs0 and Vb 1050 0f 175 Gpa and 548.689°Arespectively ** We
realize that these values may not represent theepiease values for a nano-crystalline spinel,thad
absolute pressure inferred may thus not be accuraieever, since the bulk modulus of the nano-
particle is likely not to be greatly different froits bulk equivalent, the obtained changes in pmess

reflect a correct ballpark figure. The high-tempera unit cell metric is deduced using an ambient

temperature value foroaof 8.187 A and a thermal expansion coefficient] 9.6x 10°K™ with

a- =g,(1+aAT) and the assumption that 20% of thé*Adn the octahedral sites will be replaced by

21



Cr** with an 0.08 A larger ionic radius. This leadstoinitial pressure around 9.5 GPa, which rises to

10 GPa before monotonically dropping to ~ 8.5 GPa.

Discussion

In earlier experimentswe have already established that in Cr doped gels the cordierite
composition, which were subjected to a two step treatment, two crystalline phases occurred. Using
only X-ray scattering it was not possible to deteenf the growth of these phases were correlated o
not. By using TEM and SEM we have been able tavsthe existence of a stuffed quartz surface layer,
spinel crystallites in the bulk and a remainingsglanatrix which makes up the largest part of the
volume. This morphology tells us that the growthha crystalline phases is uncorrelated. It is gilzla
that if the samples are kept longer at the elevigegberatures ultimately the whole glass matrix el

converted to stuffed quartz.

Previously we have also found that only duringnaited time there were several scattering fringes
visible in the SAXS pattern during the isothermahhtreatmeftwhilst in the present work these
fringes are visible throughout the experiment. Thgrepancy can be explained by the fact thahen t
most recent results we have utilized a sample @amnehich limits the temperature gradient over the
sample. For the interpretation of the kinetic resstie difference is crucial. Where in earlier amstes
we were not able to analyze the data with the cotmeal mathematical tools we have now been able to
show that in the case of the spinel growth both3KeS as well as the WAXS data show that the

process is diffusion limited.

The growth of the stuffed quartz phase can nottbdied quantitatively in this case due to the

changing texture of the surface giving rise to rmegular increase in the diffraction peaks. In gipte
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one would be able to overcome this problem by uaipgwdered sample instead of a platelet but it has
been shown that the coarseness of the powder imtfasethe crystallization kinetit's However, this is

beyond the subject of this study. The fact thas thas not been observed in our earlier work can be
explained by sample temperature gradients and éyatt that previously the samples had not been
polished. The combination of the non-smoothnesthefsample surface and the temperature gradient

has brought about an apparent orientational rarzhtion of the surface crystallites.

During the growth of the stuffed quartz we obsdhad the basal plane is shrinking and that the long
axis extending. The total cell volume, howeveryordries less than a percent. The observationahat
textured crystalline surface layer appears has bemte previousfy. These authors found that for
cordierite the speed of growth along tb@xis is nearly twice as large as in ta@xis direction.
Moreover it was established that in crystals thataiented with theic-axis parallel to the surface the
ratio is even higher. There are multiple nucleatsoies on the surface. Once the different crystals
impinge upon each other and the surface is coniplet@ered the crystallites with theiraxis pointing
into the bulk become the fastest growing specidss Tias also been observed in other low thermal
expansion coefficient glass ceranficslt therefore is no surprise that during thisvgto process, with a
changing texture, the intensity of the diffractipgaks can vary quite erratically even though tretiom

of the diffraction peaks show a much smoother viana

The measured unit cell of the spinel phase is sogmtly smaller than what would be expected for a
bulk spinel crystal of the present compositionrabeent conditions. In general the lattice paransetér
nano crystals increase as a function of decreasinirle size®®. However, also some cases are known
where the inverse is trug' *® In addition to this off-set of lattice parameteve also observe a
continuous change of the unit cell parameters duthe crystallisation and growth process of thaalpi
phase. The initial relative increase in the spumet cell size can be explained by the assumptiahthe

density of the crystallizing spinel is higher thiwe density of the surrounding amorphous matrix. We
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assume this based on the change in composition &ochromate-rich nucleating site to the final
composition of (MgCiO4)o.1dMgAl.O,)0.82 0N One hand, and to the general observation eteedse in
density upon amorphisation. Therefore there isnaompatibility in the specific volumes occupied by
the amorphous matrix and the spinel crystallizedadut™. The consequence of this is that a negative,
i.e. pulling, force is exerted on the growing cajf#es. Interestingly the inflection point of dease to
increase of the unit cell parameter coincides h#h moment that the particle growth rate leaves the
parabolic regime. In earlier experiments we hav&ad that this is the moment as well when the &oro
slope increases from a rather low value of arouridtd a value of 4. Although there are several
morphologies that can generate power law scattéhisgoehavior is generally found at lower scatigri
angles than discussed here. In the scatteringivesgone q — « this intensity is mainly due to particle
surface roughness. Here it indicates that thegbestbecome smoottf&rThe most likely explanation is
that in the early stages new material is addedcpully that there is a competition between the gsec

in which the surface of the particle with respectite surrounding matrix is minimized and the addit

of new material. When the matrix becomes depldtedgtowth rates diminish and the particle becomes

smoother.

In earlier experiments we have found that the sgaty invariant,Q, kept increasing even after the
radius of the scattering particles had stoppeceasing. For a fixed number of monodisperse pasticle
an increase in the invariant can not be true dfterparticles have stopped growing. However, if we
leave the notion of a two phase system but instgadoret the facts in the light of a three phastesn
it becomes understandable. Referring to equatiome3can see that the extra contribution to the
invariant,Q, is entirely due to the creation and increasténsurface/volume between the amorphous

phase and the stuffed quartz whilst the contriloutibthe spinel/amorphous phase remains constant.

Conclusions
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The combination of TEM, SEM and time-resolved camebi SAXS/WAXS techniques has allowed us
to characterize the temperature induced crystéibizaf Cr doped cordierite glass. We have shove th
the growth of the two crystalline phases is indeleen of each other and that not one of the phagss a

as the template for the other but that we canmdjatsh between bulk and surface crystallization.

By using the Avrami formalism we have shown that hulk spinel phase grows by a diffusion limited
process. It is surprising to see that even thobglctystallites are not completely homogeneousaps
it still was possible to distinguish several SAX8nh factor fringes. This has allowed us to obtain a

estimate of the particle size polydispersity.

It has become clear that the sample geometry impbrtance and that with platelet like samples one
can distinguish between the surface and bulk digstaon process. This is something that would et
feasible with powdered samples. However, in thetejd geometry it is not possible to derive

guantitative results on the kinetics of the surfagstallization.
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Utilising a multitude of experimental techniquesids been possible to elucidate the growth proakess
two crystalline phases in a glassy cordierite matri
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